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Linkages between the variability of Loop Current (LC) surface dynamics, LC ring
detachments, and the mean sea height anomaly in the Gulf of Mexico (GOM) are
explored using a new methodology that locates the LC fronts and detects the shedding
of LC rings. Based on satellite altimetry observations and dynamic height gradient,
this methodology allows the determination of the dynamic structure in the region from
1993 to 2009. Northward penetration of the LC was found to be seasonal, with a
tendency to increase during the spring and peaking in summer. Whereas northward
oscillations exhibit ranges of 4 degrees of latitude, the range of westward oscillations
is 6 degrees of longitude. Using the newly developed methodology, 28 LC rings are
identified and described during 1993–2009. Starting in 2003, the LC is located more to
the north on average, and the average number of LC rings formed per year increases.
Since 2003, a significant increase in sea height residuals in the GOM has been observed,
exhibiting a linear trend of 2.78 ± 0.26 cm/decade for the period 1993–2009. It is
hypothesized here that the increase observed in sea height residuals is linked to the
increase in mesoscale activity (LC northward intrusions and number of rings shed)
obtained from satellite altimetry observations. Results shown here complement previ-
ous observational studies in the region, cover a longer time span, and define objectively
the locations of the LC front and the shedding of the rings.

1. Introduction

The mesoscale upper ocean circulation in the Gulf of Mexico (GOM) is characterized
by fluctuations of the Loop Current (LC), which irregularly sheds anticyclonic rings that
travel in a southwest direction into the GOM. The LC forms an intense anticyclonic flow,
which expands northwestward in accordance with Rossby wave dynamics (Hurlburt and
Thompson 1980) and can extend northward into the GOM to 28◦ N, in the vicinity of the
shelf break of the West Florida Shelf (WFS) at about 250 km off Mobile Point (Molinari
and Mayer 1982). Although northern intrusions of the LC tend to be more frequent in the
spring, they may occur in any season with periods varying from 6 to 17 months and an
average period of 10 to 11 months (Maul and Vukovich 1993). The large, warm-core anti-
cyclonic rings generally propagate westward at mean translation speeds of approximately
4 km day−1 with a standard deviation of 3 km day−1 and have mean lifetimes of days to
around a year (Vukovich 2007). These rings have radii of about 150 km, may reach depths of
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800 m (Oey, Ezer, and Lee 2005), and are generated irregularly but not chaotically (Lugo-
Fernandez 2007), with an average shedding period of 11 months and a standard deviation
of 4 months (Vukovich 2007). Whereas the frequency of LC ring shedding has been stud-
ied by many authors, the mechanism for eddy detachment remains unknown. However, it
has been proposed that when the LC grows, the westward Rossby wave speed (which is
proportional to βR2, where β is the meridional variation of the Coriolis force and R is the
Rossby radius based on the matured deep Loop) overcomes the growth rate. As a result, the
LC becomes an unstable configuration and usually sheds a ring (Nof 2005).

An accurate knowledge of the position and dynamics of main mesoscale ocean fea-
tures, the LC rings and LC fronts, is critical for a variety of applications: for understanding
the environmental conditions that influence the habitat of marine fish larvae (Bakun 2006;
Lindo-Atichati et al. 2012); for use in oil spill response; for navigation; for search and res-
cue operations; for forecasting hurricane intensity (Shay 2010); or for understanding red
tide occurrences (Olascoaga 2010).

Satellite altimetry has allowed the monitoring of mesoscale features over the World
Ocean since 1993. Altimetry data have helped to better understand the upper ocean dynam-
ics and vertical thermal structure at a spatial and temporal resolution that resolves many
ocean mesoscale features and fronts (Le Traon and Dibarboure 1999). Although studies
using thermal satellite imagery in the GOM continue to be invaluable due to the excellent
spatial resolution of satellite infrared data (starting at 1 km), they may be limited to winter
months due to the lack of thermal contrast. Clouds often obscure thermal satellite imagery,
making it difficult to locate and track dynamic mesoscale features. For these reasons, satel-
lite altimetry fields, obtained from two or three satellites, are used herein to monitor the
mesoscale features in the GOM from January 1993 to December 2009.

The objectives of this article are (1) to monitor and describe the spatial and temporal
variability of LC intrusions (northward and westward), LC retreats (southward), and ring
detachments, and (2) to infer a possible link between this variability and changes in the
upper ocean thermal structure in the GOM. In order to do that, satellite altimetry observa-
tions are used in this work to determine the dynamic structure in the region. The temporal
and spatial variability of the main mesoscale features in the GOM are addressed here in
terms of the northward and westward intrusion of the LC, and by using a characterization
of ring-shedding events. The significance of this work lies in (1) the development of a new
methodology to objectively define the locations of the LC front and rings, (2) the descrip-
tion of the variability of the LC excursions and ring detachments, and (3) shedding some
light on observed linkages between mesoscale activity and the variability in the sea height
anomaly in the region.

This article is organized as follows. Section 2 describes the data and methods used
in this work. Section 3 presents results and analysis of the variability of the LC and
anticyclonic rings in the GOM. Finally, Section 4 summarizes the main findings of
this work.

2. Data and methodology

The altimetry data used here are the optimally interpolated gridded sea height
anomaly (SHA) fields produced by Archiving, Validation and Interpretation of Satellite
Oceanographic (AVISO) data according to an improved objective analysis method (Le
Traon, Nadal, and Ducet 1998). These fields have a spatial resolution of 0.25 degrees
and temporal resolution of 1 week. The AVISO SHA fields are anomalies computed with
respect to the 1993–1999 mean from direct altimetry observations (Rio and Hernandez
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30° N

95° W 90° W 85° W 80° W

25° N
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Figure 1. Example of general circulation through the Gulf of Mexico from satellite altimetry fields
on 2 June 1993. Fields illustrate the LC and rings shed in terms of (a) sea height anomaly (SHA)
and (c) sea surface height (SSH). SSH fields are obtained by adding (b) mean dynamic topography
(MDT) to (a) SHA fields.

2004). Numerical modelling studies have determined that SHA fields from two independent
altimeters are needed to properly position mesoscale features and fronts (Le Traon and
Dibarboure 1999), such as those investigated in this work. The altimetric observations used
here correspond to T/P, ERS-1/2, GFO, Jason-1, Envisat, and Jason-2 satellites throughout
the period January 1993 to December 2009.

The investigation of the dynamics of mesoscale features in the GOM is performed
using sea surface height (SSH) fields obtained by adding SHA data to a mean dynamic
topography (MDT) of the ocean (Figure 1):

SSH = SHA + MDT, (1)

where SSH, SHA, and MDT are measured in centimetres.
The LC and ring field are characterized by their anticyclonic motion and SSH values

that are larger than those of their surrounding waters (Figure 1(c)). Selected contours of
constant SSH values are used here to objectively define the locations of the LC front and
shedding of the rings.

2.1. LC fronts

The location of the LC front is determined here from the region of maximum horizontal
gradient of SSH. Specifically, the northernmost and westernmost locations of the LC are
detected from the maximum latitude and longitude of the SSH contours corresponding to
the location of the maximum gradient of SSH (Figure 2). The methodology used herein to
locate the LC front and its northernmost and westernmost locations consists of the follow-
ing steps, which are based on a method previously developed to investigate the link between
GOM mesoscale features and larval fish distribution (Lindo-Atichati et al. 2012).

(1) The absolute value of the SSH gradient is computed using zonal and meridional
derivatives of the SSH field.

(2) The SSH gradient is mapped over the corresponding SSH contour map.
(3) The value of SSH contours corresponding to the location of maximum SSH gradi-

ent defines the LC front. To avoid confusion between the LC front and the boundary
of a ring, which may also have maximum SSH gradients, the selected SSH contours
belonging to a location of maximum SSH gradient must describe an open path.
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30° N (a) 26 May 1993 (b) 2 June 1993

25° N

20° N

95° W 90° W 85° W 80° W

Figure 2. Fields of altimetry-derived SSH gradient in the GOM with contours of SSH (in cm, black
lines) superimposed, for (a) 26 May 1993 and (b) 2 June 1993. Fields illustrate (a) the location of the
LC front and (b) the detection of an LC ring and the LC front. The northernmost and westernmost
locations of the LC are tagged with a square in both panels.

(4) The northernmost latitude of these selected contours defines the LC northernmost
location.

(5) The westernmost longitude of these selected contours defines the LC westernmost
location.

For example, for the GOM conditions on 26 May 1993 (Figure 2(a)), the LC northern-
most location is 28◦ N (upper grey square) and the LC westernmost location is 89.75◦ W
(left grey square).

2.2. LC ring shedding

The LC ring-shedding events are also partially detected using the methodology described
in Section 2.1. In addition, an LC ring is considered here to be separated from the LC
at the surface when the following two conditions are satisfied: (1) when all SSH con-
tours belonging to the region of higher values of SSH gradient exhibit a closed path
(Figure 2(b)), and (2) when this condition lasts for a period longer than 4 weeks, which
is the observed maximum period of time for an LC ring to reattach. The life span of a
ring is determined here as the period of time from when the ring is shed until the values
of the enclosed dynamic height contours decrease to reach maximum SSH of only 10 cm
larger than the mean SSH of surrounding waters – typically between 160 and 140 cm. This
value was chosen because it represents the mean standard deviation of SSH of waters west
of 90◦ W.

The results obtained here are compared with those obtained in previous works on LC
northward penetration (Zavala-Hidalgo et al. 2006) and ring separation (Sturges and Leben
2000; Alvera-Azcárate, Barth, and Weisberg 2008; Lugo-Fernández and Leben 2010). The
fact that rings identified and LC excursions studied in this work are in agreement with the
findings of previous studies confirms the consistency of the novel methodology used here,
and also supplements results obtained in previous studies. The results shown here are more
complete in the sense that they detected more rings than the most recently updated work
on the compilation of ring-separation events (Lugo-Fernández and Leben 2010), covered a
longer time span, and also helped in defining objectively the locations of the LC front and
the shedding of rings.
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5046 D. Lindo-Atichati et al.

3. Results and discussion

3.1. Northern and western LC excursions

Weekly time series of the northernmost and westernmost position of the LC during the
period November 1992 to December 2009 are presented in Figure 3. These signals are
filtered using a Butterworth filter (black lines in Figure 3), which is designed with order
6 and angular cut-off frequency 1/7 rad s−1, which means that the boundary in the filter
response is 7 weeks and the maximum filter slope is 20 degrees week−1.

The northernmost location of the LC varies between 24.0◦ N and 28.5◦ N, with a mean
value (mean ± SD) of (26.5 ± 1)◦ N and marked seasonal variability (Figure 3(a)). The
amplitude of the oscillations exhibits maximum values, with meridional motion of 4.0 and
2.5 degrees of latitude for 1993–2003 and 2004–2009, respectively.

Monthly mean values of the LC northward excursions between 1993 and 2009 indicate
that the location of the LC in summer (July to August) is significantly more to the north than
in the fall season, with winter and spring having values closer to the mean (Figure 4(a)).
Similar results are found in previous studies; data from 47 cruises in the eastern GOM and
monthly fields of temperature at 200 m from 1970 to 1976 have shown that on average,
the penetration of the LC into the GOM increases during the winter and spring, reaching
a maximum in the early summer (Behringer, Molinari, and Festa 1977). The northward
penetration of the LC also exhibits year-to-year variability (Figure 4(b)), showing a mean
maximum value of 27.5◦ N and 25.0◦ N in the annual northernmost location in 2005 and
1998, respectively, and an interannual mean of around 26.3◦ N. Between 1993 and 2002,
the annual mean location of the LC northward penetration was generally to the south of
the annual mean location (26.3◦ N). On the other hand, the annual mean location during
2003–2009 was usually to the north of the mean location, except for 2008 (Figure 4(b)).
The annual mean location over 1993–1996 (26.2◦ N) was averaged with that of 1997–2002

29° N (a)

(b)

28° N

27° N

26° N

25° N

24° N

92° W

90° W

88° W

86° W

1993 1994 1995 1996 1997 1998 1999 2000 2001

Mean = 26° N

Mean = 87.5° W

Mean = 26.5° N

Mean = 27° N

2002 2003 2004 2005 2006 2007 2008 2009 2010

1993 1994 1995 1996 1997 1998 1999 2000 2001

Year

Year

2002 2003 2004 2005 2006 2007 2008 2009 2010

Figure 3. Time series of (a) LC northward penetration (red line) and (b) LC westward penetration
(green line), from November 1992 to December 2009. Black circles indicate the time of separa-
tion of LC rings. The signal was filtered using a Butterworth filter of order 6 and cut-off frequency
1/7 rad s−1 (black line).
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International Journal of Remote Sensing 5047

Figure 4. (a) Monthly mean location of the LC northward penetration and (b) annual mean location
of the LC northward penetration. Error bars indicate one standard deviation over the 17 years of data
analysed, from January 1993 to December 2009.

(26◦ N), since both show lower values than the interannual mean LC location. The link
between northward excursions and ring formation will be discussed in Section 3.2.

The LC westernmost location oscillates between 91◦ W and 85◦ W, with a mean value
(mean ± SD) of (87.5 ± 1.0)◦ W and pronounced seasonal variability (Figure 3(b)). The
amplitude of the oscillations exhibits maximum values with zonal motion of approximately
6 and 4 degrees of longitude for 1993–2003 and 2004–2009, respectively. No previous
studies have reported on the spatial and temporal variability of western LC excursions.

3.2. Ring-shedding events

The location, lifetime, shape, size, kinetic energy, and available potential energy of LC
rings can be characterized by undertaking a ring census similar to those carried out in other
regions that used observations of infrared imagery (Brown et al. 1986) or a combination of
climatological data, in situ data, and satellite altimetry (Goni and Johns 2001). Following
the methodology described in Section 2, all LC ring-shedding events between November
1992 and December 2009 (black circles in Figures 3(a) and (b)) are identified and described
(Table 1).

A total of 28 rings are identified as having been shed from the LC between November
1992 and December 2009 (Table 1 and Figure 5). The average annual number of rings
formed is 1.5, with a standard deviation of 0.7. An increase in annual ring formation is
detected beginning in 2003. While from 1993 to 2002 an average annual number of rings
of 1.4 was observed, from 2003 this figure rose to 2.0. The average annual number of rings
formed during 1993–1996 (1.7) and 1997–2002 (1.2) is lower than for 2003–2009 (2.0).
Fourteen out of the 28 rings identified here were shed in the 3 month period from July
to September, which is in agreement with the seasonality in the timing of ring shedding
suggested in a previous work that monitored ring-detachment events from October 1993 to
February 2006 using satellite altimetry observations and a visual methodology for ring
determination (Alvera-Azcárate, Barth, and Weisberg 2008). September and August, which
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Table 1. Compilation of ring-separation events, including dates of LC ring detachment, inter-
detachment periods, dates of extreme LC intrusions (northward or westward), dates of extreme LC
retreats (southward), and description of such extreme excursions (intrusions or retreats). Rings were
identified using estimates of the gradient of SSH derived from satellite altimetry observations, from
January 1993 to December 2009, using the methodology described in Section 2.

Ring Date
Life
span Extreme LC

Extreme LC
retreat Description

7 to 14 July LC intrudes to
92◦ W

1-93 21 July 1993 5
2-93 8 September 1993 5
3-94 31 August 1994 6
4-95 26 April 1995 5
5-95 13 September 1995 5
6-96 20 March 1996 7
7-96 21 August 1996 9

4 to 25 December LC retreats to
24◦ N

8-97 24 September 1997 10
9-98 4 March 1998 11

23 June to
22 September

LC intrudes to
28◦ N

10-99 29 September 1999 12
11-01 11 April 2001 7
12-01 21 September 2001 7

20 February to
6 March

LC intrudes to
93◦ W

13-02 13 March 2002 1
14-02 17 April 2002 11 3 to 17 April LC retreats to

24◦ N
7 May to 13 August LC intrudes to

28◦ N
15-03 20 August 2003 4
16-03 24 September 2003 10
17-03 24 December 2003 8
18-04 1 September 2004 11

13 April to 29 June LC intrudes to
28◦ N

19-05 3 August 2005 9
20-06 8 March 2006 2
21-06 19 April 2006 5

9 to 23 August LC intrudes to
91◦ W

22-06 27 September 2006 12
23-07 11 April 2007 4
24-07 14 November 2007 6
25-08 2 July 2008 8
26-08 3 December 2008 2

11 to 25 February LC intrudes to
91◦ W

27-09 4 March 2009 8
28-09 2 September 2009 7
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Figure 5. Number of LC rings shed during each year, from January 1993 to December 2009, as
obtained according to the methodology described in Section 2.

are the months seeing most LC intrusions to the north, are also the months exhibiting more
ring-separation events. There were no ring-separation events identified during the months
of January, May, and June from November 1992 to December 2009. The average period
between consecutive LC ring detachments is approximately 9 months for 1993–2003 with
a standard deviation of 6 months, which also is in agreement with the 8.2 month period sug-
gested by other authors (Alvera-Azcárate, Barth, and Weisberg 2008). The average period
between consecutive LC ring detachments, and its variability, declined between 2004 and
2009, exhibiting average periods between consecutive shedding of 6 months with a stan-
dard deviation of 1 month. This observed seasonal preference for the LC to shed rings has
recently been described as a combination of seasonal winds in the Caribbean Sea and the
GOM (Chang and Oey 2012).

If results from the present ring census are compared to previous relevant work in the
GOM region (Sturges and Leben 2000; Leben 2005; Alvera-Azcárate, Barth, and Weisberg
2008; Lugo-Fernández and Leben 2010), some similarities are found in the main results
discussed above. The present census shows 10 ring-separation events between 1993 and
1999, the same LC ring detachments as reported by a previous work (Sturges and Leben
2000). When results from November 1992 to March 2006 are compared to results from
a recent work on the compilation of ring-separation events (Alvera-Azcárate, Barth, and
Weisberg 2008), the present census shows 20 events as opposed to the 21 reported by that
study. Specifically, this difference is due to the fact that the ring shed on 24 September
2003 was not detected by previous authors, and those shed on 1 September 1999 and
10 May 2000 were detected neither by our team nor other teams (Leben 2005; Lugo-
Fernández and Leben 2010). The main reason for this discrepancy may be differences in
criteria used to determine ring-shedding events. The ring reportedly shed on 1 September
1999 (Alvera-Azcárate, Barth, and Weisberg 2008) had a lifetime inferior of under one
month and did not satisfy the second condition imposed in our method – the detection
of rings lasting longer than 4 weeks, the observed maximum period of time for an LC
ring to reattach. This ring was not reported by other studies either (Leben 2005; Lugo-
Fernández and Leben 2010), and possibly was not totally detached. The ring reportedly
shed on 10 May 2000 (Alvera-Azcárate, Barth, and Weisberg 2008) did not satisfy the first
condition of our method – SSH contours belonging to the region of higher values of SSH
gradient must describe a closed path. This ring was not reported by some other studies
either (Leben 2005; Lugo-Fernández and Leben 2010), since it did not satisfy the objec-
tive criteria of breaking of the 17 cm contour (Leben 2005). Results from July 1993 to
March 2009 were compared to results from a more updated work on the compilation of
ring-separation events (Lugo-Fernández and Leben 2010). From July 1993 to March 2009,
the present census shows 27 ring-separation events while 26 such events were reported by
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previous work over the same period. This discrepancy is due to the fact that these authors
did not report the ring shed on 24 September 2003, likely because the 17 cm contour crite-
rion alone – without using the information provided by SSH gradient – was not sufficient
to define the ring as being detached.

When LC excursions are linked to ring-formation events, it is observed that in 70% of
the cases, the separation of the LC rings (circles in Figure 3(a)) occurs when the northern-
most location exceeds 27◦ N (approximately 1◦ N of its mean location), with separation
events happening at a frequency ranging from 2 to 18 months. Conversely, when the LC is
located to the south for long periods of time, few or no rings are detached (Alvera-Azcárate,
Barth, and Weisberg 2008), which was also observed in 1997, 1998, and 2002 (Figure 3(a)).
From 1993 to 2005, the mean retreat latitude was 26.2◦ N and the mean separation period
was 8 months. From 2005 to 2009, the mean retreat latitude increased to 26.7◦ N and the
mean separation period decreased to 5 months. A correlation between the retreat latitude of
the LC and the ring-separation period was reported by a previous study (Leben 2005), and
this is still valid in our observations. The maximum number of ring sheddings detected is
for 2003: three rings were shed after extreme northward intrusion of the LC to 28◦ N dur-
ing the spring and summer months and after a long period of 17 months with no shedding
(Figures 3(a) and 5).

3.3. Sea height residuals and upper ocean thermal structure

Sea surface height anomalies are strongly related to the internal thermal structure of
the ocean. A higher SSH than normal corresponds to a deep layer of very warm water.
Depending on many factors, such as the vertical stratification and the dynamic processes
involved, the relationship between selected isotherms (such as the depth of the 20◦C
isotherm, which usually lies within the thermocline waters in most tropical regions) and
the SSH can be readily estimated from altimeter-derived SHA, in combination with in situ
and climatological hydrographical observations. In general, variations in the depth of the
main thermocline can be associated with variations in the SHA field (Willis, Roemmich,
and Cornuelle 2004). Given the strong relationship that exists between SHA and the ther-
mal structure of the ocean, it is hypothesized from our results that the observed increase in
mean SHA in the GOM from 1992 to 2009, especially marked starting in 2000, is linked
to increased mesoscale activity in the region shown in this work through variations in the
thermal structure of the GOM. We shed some light here on this hypothesis, which may
become a topic for future studies.

Our results regarding the northern LC excursions and the marked increase in ring for-
mation beginning in 2003 are reflected in an increase in monthly sea height residuals
(SHRs) over the entire GOM, estimated as the difference between the mean sea height
anomaly for each specific month and that for the same month since November 1992. These
residuals are estimated as the difference between mean SHAs for each specific month and
that for the same month since November 1992. A positive linear trend in the monthly SHR is
found (Figure 6), where SHR exhibits an increase of 2.8 ± 0.3 cm decade−1 from November
1992 to December 2009, which is statistically significant (r = 0.6, p-value < 0.0001).
In addition to this, 80% of negative SHR and 20% of positive SHR values are observed
between December 1992 and December 1999, and conversely 15% of negative SHR and
85% of positive SHR values are observed between January 2000 and December 2009. It is
suggested here that higher mean SHA values for the GOM starting in 2000 may be related
to the increase in mean LC northward intrusions and the increase in number of rings shed
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6 Trend = (2.78 ± 0.26) cm/decade

r = 0.6
p-value = 0.00014
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Figure 6. Monthly sea height residuals (SHR), estimated as the difference between the mean SHA
for each specific month and the mean SHA value for that same month since November 1992. The
black line indicates a mean SHR increase of 2.78 cm per decade over the 17 years of data analysed.

starting in 2003 (Section 3.2). The analysis provided here is carried out for long, interannual
time scales and therefore does not apply to individual year comparisons. The amplitude of
the meridional excursions of the LC decreased from mean meridional motion of 4.0 degrees
of latitude for 1993–2003 to 2.5 degrees for 2004–2009 (Section 3.1). This shorter ampli-
tude of meridional excursions of the LC, together with an LC generally more to the north
starting in 2003, may also be partially associated with the higher mean SHA values found
for the GOM for 2000–2009.

4. Conclusions

Satellite altimetry fields were used to identify mesoscale features in the GOM for the
period 1993–2009. The key findings from this work are that (1) starting in 2003, the
LC was located more to the north (Figures 3 and 4(b)) and (2) there was an increase in
the average number of rings shed from the LC (Figure 5). Consequently, beginning in
2003, the mean location of the LC northward penetration was 27◦ N, or 1.5 degrees of
latitude above the interannual mean, and approximately 2.0 rings were formed per year.
In contrast, for 1993–2002, only 1.4 rings were formed per year. The range of meridional
oscillations of the LC exhibits maximum values with meridional motion of 4.0 degrees of
latitude for 1993–2003 and 2.5 for 2004–2009. The range of zonal oscillations of the LC
exhibits maximum values with zonal motion of approximately 6.0 degrees of longitude for
1993–2003, and 4.0 degrees for 2004–2009. The higher mesoscale activity observed for
2003–2009 may have a measurable impact on mean SHA in the GOM, showing positive
SHR for 2000–2009. On the other hand, LC northward penetration appears to be mostly
seasonal (Figure 4(a)), with maximum values of 0.8 degrees of latitude above the annual
mean during June, July, and August, in accord with previous studies (Behringer, Molinari,
and Festa 1977; Blumberg and Mellor 1985; Maul and Vukovich 1993). However, the mean
northward penetration of the LC is highly variable from year to year (Figure 4(b)).

This work also identified LC rings using a similar method to that developed here to iden-
tify LC fronts. Half of the rings identified here were shed in the 3 month period from July
to September. September and August are the months exhibiting the most ring-separation
events (7 and 4, respectively).

Monthly sea height residuals – estimated as the difference between the mean sea
height anomaly for each specific month and that for the same month since November
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1992 – exhibit a significant linear trend of 2.78 ± 0.26 cm per decade for 1993–2009.
It is hypothesized here that the increase in sea height anomaly residuals might be linked
to the observed increase in mesoscale activity in the region for the same period, although
this significant positive trend could be part of a longer-period signal. The increase in the
sea height anomaly residuals could also be partly related to the phenomenon of hysteresis.
Evidence of possible links between increase in sea height anomaly residuals and increase
in mesoscale activity in the GOM are presented in this work. However, more studies will
be needed, in particular involving numerical modelling, to confirm these results.

This study provides updated statistics on LC and ring variability (position and number)
using a newly developed methodology. By covering a greater time span and defining objec-
tively the locations of the LC front and the shedding of rings, the results discussed here
complement previous studies that report ring detachments and LC excursions in the GOM.
In addition, this work also highlights the importance of multimission, eddy-permitting,
satellite altimetry observations.
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